Introduction
There are various ways of corrosion protection and one of them is by means of corrosion inhibitors, which are substances that have the ability to considerably slow down the corrosion of metals and alloys by decreasing the rate of corrosion processes. Among efficient corrosion inhibitors are also organic molecules. It is commonly believed that strong interaction between an organic inhibitor molecule and a substrate is very important for achieving the inhibitory effect. [1] [2] [3] In particular, Bockris stated that organic molecules must be adsorbed to become inhibitors. 3 Despite the soundness of the strong adsorption premise, DFT (density functional theory) calculations have revealed-contrary to what might have been intuitively expected-that some outstanding inhibitor molecules, such as benzotriazole and several other azoles, interact only weakly in their intact form with substrates. [4] [5] [6] For example, an intact benzotriazole molecule bonds only by about 0.5 eV to a Cu(111) surface, 5, 6 which is similar in strength to solvation interaction between benzotriazole and water. 7, 8 This implies that the net adsorption energy at the water/solid interface should be rather small, which may seem surprising, because if the bonding is that weak then aggressive corrosive species would easily replace benzotriazole from the surface (if it would adsorb at all). How then, can benzotriazole act against corrosion?
Benzotriazole has been used for a long time as one of the most efficient copper corrosion inhibitors 1, [9] [10] [11] and there are numerous studies of its inhibition action on copper. Nevertheless, Finšgar and Milošev stated in a recent review: 11 ". the exact mechanism of benzotriazole action on copper materials still remains to be elucidated. It is important to clarify why benzotriazole, and not other organic molecules with similar electronic structure, imparts corrosion protection. The answer to this question will provide the basis for predicting new and more effective corrosion inhibitors."
The aim of this paper is to discuss the adsorption behavior of benzotriazoleas elucidated by DFT calculations-on reduced and oxidized copper surfaces (for the latter only the Cu(I) oxidation state is currently considered). The issue seems relevant, because controversial suggestions exist in the literature, 11 i.e., according to some researchers the presence of oxides is important, [12] [13] [14] while others claimed that their presence is not needed for the adsorption of benzotriazole. 15, 16 It has to be emphasized that adsorption behavior is not synonymous with the mechanism of corrosion inhibition, yet it may nevertheless provide some useful information and insight. The literature is replete with numerous suggestions about possible adsorption mechanisms of benzotriazole on copper. 11 There are at least two reasons of why this is so: the rst is due to complexity of the investigated system. The interpretation of experimental data therefore involves various degree of assumptions and different assumptions may lead to different conclusions. The second reason is due to-as is argued in this paper-nontrivial adsorption behavior of benzotriazole, because it can adsorb in a variety of different forms. It all depends on the details and perhaps this is one of the strengths of benzotriazole and other inhibitor molecules; depending on different conditions they will adopt one of several possible forms and thus sustain various situations.
There are several important points to keep in mind when considering the results presented in this paper. The most important is that due to obvious modeling reasons the presented results refer to the solid/vacuum interface (solvent effects are estimated a posteriori when explicitly stated so), whereas in the context of corrosion the solid/water is the relevant interface. Apart from the fact that solvent considerably affects the energetics of adsorption, there is another distinction between the adsorption at solid/vacuum and solid/water interfaces. The adsorption at the latter is competitive (or substitutional), because the surface is always covered with solvent molecules and other possible species. So a given molecule will adsorb only if its adsorption is competitive enough to substitute other species from the surface. In contrast, at the solid/vacuum interface the surface is clean and the molecule adsorbs readily (say that surface temperature is low enough) unless its interaction with the surface is repulsive.
The paper is organized as follows: Section 2 contains a brief description of computational method along with some denitions, while Section 3 deals with bare metallic copper surfaces and reviews the pertinent computational DFT studies. These data are put into a new context and the relevance of the work function reduction upon adsorption of inhibitor is emphasized. Oxidized copper surfaces are considered in Section 4, where signicant new results are presented. Section 5 nally contains the conclusions.
2 Technical details
Denitions
Term "copper surface" shall implicitly indicate the bare (reduced) metallic copper surface (oxidation state of 0); the oxidized surface shall be explicitly referred to as "oxidized". The labels BTAH and BTA indicate the intact and dissociated (without H1 atom/proton) benzotriazole molecule, respectively (atom numbering and skeleton structures of neutral BTAH molecule and deprotonated BTA À anion are shown in Scheme 1). BTAH (g) , BTAH (solv) , BTAH (ads) stand for gas-phase, solvated, and adsorbed molecule, respectively (and analogously for other species). Notation BTA-Cu refers to organometallic complex, while the stand-alone chemisorbed form is designated as BTA (ads) . Other labels are dened when rst used.
Computational
DFT calculations were performed with the plane-wave pseudo-potential method as implemented in the PWscf code from the Quantum ESPRESSO distribution, 17 using the ultraso pseudopotentials 18 and plane wave basis set with a kinetic energy cut-off ¼ 30 Ry (240 Ry for the charge-density), while molecular graphics were produced by the XCRYSDEN 19 graphical package. Calculations were performed with PBE 20 and reparametrized PBE-D 0 energy functionals; the former was used for chemisorption and the latter for parallel physisorption modes. PBE-D 0 includes a semi-empirical dispersion correction of Grimme, 21, 22 which was reparametrized 23 to match the experimental adsorption energy of benzene on Cu(111). Cu surfaces were modeled by periodic slabs with the in-plane lattice spacing xed at the calculated equilibrium Cu bulk lattice parameter (3.67Å for PBE 24 
where the subscript A stands for adsorbate; E A , E surf , and E A/surf are the total energies of isolated adsorbate (molecule or atom), Cu or Cu 2 O slab, and adsorbate/ slab system, respectively. The use of charged species was avoided in calculations employing periodic boundary conditions, where the long range Coulomb interactions dictate the use of charge neutrality. The adsorption (binding) energies of deprotonated BTA À , Cl À , and H + are therefore calculated with respect to isolated radicals (BTA , Cl, and H) and are designated as E b . Symbol is used to indicate the radical nature of the initial state. Subscript "b" is used in favor of "ads" to remind that binding energy of BTA (ads) is measured with respect to isolated BTA (and not BTAH) and that of Cl (ads) and H (ads) with respect to isolated Cl and H (and not Cl 2 and H 2 molecules). The E b therefore measures the binding energy of these radicals to the surface. On metal surfaces, the binding energy can be recalculated with respect to anion in the initial state as:
where EA is the electron affinity of corresponding radical and F is a work function (for cations the equation is:
where IP is the ionization potential or respective radical). Analogously to E b , also the E ads of BTAH (ads) is occasionally labeled as E b , in particular, when the molecule-surface binding is of primary concern.
3 Adsorption of benzotriazole on reduced copper surfaces: bare Cu(hkl) and defects thereon Adsorption structures of benzotriazole on bare copper surfaces have been studied in detail by means of DFT calculations. [5] [6] [7] [8] 23, [25] [26] [27] [28] The main ndings of these studies are briey explained below (Section 3.1 and, in part, also 3.2) to put them in context for the current discussion paper.
Description of various DFT identied adsorption modes
Benzotriazole can adsorb either molecularly as BTAH (ads) or dissociatively as BTA (ads) + H (ads) (cleavage of N1-H bond). While the BTAH (ads) bonds weakly, the BTA (ads) is strongly chemisorbed on copper surfaces. The calculated activation energy of dissociation for weakly chemisorbed BTAH is about 1.1 eV on Cu(111), but on more open surfaces and step-edge defects the activation energy decreases below 1 eV. 27 Dissociative adsorption of benzotriazole is experimentally well established, because it has oen been observed that the H1 atom of benzotriazole is removed upon chemisorption on copper surfaces even under ultra high vacuum conditions. 15, [28] [29] [30] [31] Structures of different identied adsorption modes of BTAH (ads) and BTA (ads) are shown in Fig. 1 and binding energies as a function of coordination number of surface Cu atoms involved in the adsorption site are shown in Fig. 2 .
3.1.1 Adsorption forms of BTAH (ads) . BTAH can either weakly chemisorb in an upright geometry (BTAH t ) via triazole nitrogen atoms with the N-Cu distances of about 2.1Å ( Fig. 1a ) or physisorb † nearly parallel (BTAH k ) to copper surfaces ( Fig. 1c ) with the molecule-surface height ranging from about 2.6Å on Cu(110) to 3 A on Cu(111). 6 While the adsorption bonding of BTAH t becomes stronger as passing from densely packed Cu(111) to more open surfaces and low coordinated defects, the physisorption energy is similar on all three low Miller index surfaces ( Fig. 2 ); 6 a notable exception for the latter is the so-called apparent chemisorption + physisorption mode on Cu(110) ( Fig. 1b ), which adsorbs signicantly stronger ( Fig. 2 ). 6 3.1.2 Adsorption forms of BTA (ads) . In contrast to intact BTAH (ads) , dissociated BTA (ads) strongly bonds to copper surfaces and the magnitude of chemisorption energy increases as the coordination number of surface Cu atoms involved in the adsorption site decreases (Fig. 2 ). 8 Dissociated benzotriazole can also form organometallic complexes on surfaces of copper ( Fig. 1h and i); these complexes are specically addressed in Section 3.4.
Adsorption characteristics
Adsorption forms of benzotriazole can be classied into four types: (i) weakly chemisorbed BTAH (ads) , (ii) physisorbed BTAH (ads) (including the H-bonding networks of Fig. 1d ), (iii) stand-alone strongly chemisorbed BTA (ads) , and (iv) BTA-Cu adcomplexes. These four types display rather different adsorption features and slightly endothermic on Cu(111) in the limit of zero coverage. The reason is the cost for the breakage of the N1-H bond; namely, the dissociation energy can be written as:
are binding energies of respective species to copper surface; D N1-H is the N1-H bond strength (4.7 eV). For Cu(111) the respective numbers in the limit of zero-coverage are: DE diss ¼ À2.8 + (À2.4) À (À0.6) + 4.7 eV ¼ 0.1 eV.
In order for dissociation to be exothermic, the following criterion has to be met (cf. eqn (2)):
The bonding of H is rather insensitive to surface details and on Cu(hkl) the E H b [À2.4, À2.5] eV (see Fig. 2 ). Hence the BTA (ads) has to bond by about 2.3 eV stronger to the surface than BTAH (ads) for dissociation to be exothermic. This criterion is met on open surfaces and low coordinated defects, because the enhancement of the molecule-surface bond strength is larger for BTA (ads) than for BTAH (ads) as the coordination number of surface Cu atoms involved in the adsorption site decreases (see Fig. 2 ); consequently dissociation energy becomes more exothermic in the same direction ( Fig. 3 ).
In addition to BTAH (ads) , BTA (ads) , and H (ads) , Fig. 2 also plots the dependence of adsorption (binding) energy of Cl (ads) and H 2 O (ads) on the coordination number of surface Cu atoms involved in the adsorption site; the former may be seen as a prototype corrosive species and the latter is relevant due to the importance of water/metal interface for corrosion (though there is a large difference between a lm of liquid water and a single water molecule).
Role of molecular dipole on lateral intermolecular interactions.
Among the species considered in Fig. 2 , the neutral BTAH displays by far the strongest 27. Dissociation energy (DE) is very sensitive to surface coverage due to a pronounced intermolecular long range repulsion between adsorbed BTAH t (cf. Fig. 4 ). The dependence of DE on coverage is roughly indicated by the thickness of the blue band; the larger the coverage the more exothermic the DE.
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This dependence of adsorption energy on surface coverage. This dependence is due to a large permanent dipole moment of BTAH (4.1 D), which results in repulsive and long range dipole-dipole interactions between perpendicularly adsorbed BTAH molecules, while for parallel physisorbed BTAH the lateral dipole-dipole interactions are far less important and slightly attractive at higher coverages (see Fig. 4 ). 6, 32 On the other hand, lateral dipole-dipole interactions are not that important for BTA (ads) due to considerable adsorption induced charge transfer, which greatly reduces the dipole. 7 Due to the strong lateral intermolecular repulsion between weakly chemisorbed BTAH (ads) and much weaker lateral interactions for BTA (ads) the dissociation of benzotriazole becomes more favorable as the surface coverage increases (this effect is indicated schematically by the width of the blue band in Fig. 3 ).
Role of molecular dipole on adsorption induced work function change.
In addition to long-range lateral intermolecular interactions, a large permanent molecular dipole can also lead to a signicant adsorption induced dipole moment (m), which alters the metal work function by DF ¼ À4pqm (in atomic units), where q is the surface coverage (in molecule/bohr 2 unit); a positive value of m stands for an outward-pointing dipole with the negative end at the surface and the positive end pointing outward (i.e., m ¼ m$n, where n is the surface normal and m is the dipole of adsorbed molecule). The adsorption induced dipole moment due to a weakly chemisorbed BTAH t is remarkably large ( Table 1) . Fig. 5 illustrates the dependence of DF of Cu(111) on the molecular coverage for various forms of adsorbed benzotriazole. Even at rather small molecular coverage the reduction in the work function is appreciable for BTAH t . Also the [BTA-Cu] n and [BTA-Cu-BTA] organometallic complexes signicantly affect the work function, whereas stand- Fig. 4 Dependence of adsorption energy on the coverage for stand-alone weakly chemisorbed (blue squares) and physisorbed (green circles) BTAH on Cu(111); adsorption energies are taken from ref. 6 . The ML unit is defined as the number of molecules per surface Cu atom. Curves and zero-coverage adsorption energies are obtained with a polarizable point-dipole model extrapolation of ref. 32 . The dependence is plotted up to a coverage of 0.12 ML, where the physisorbed BTAH k reaches optimum; 23 at larger coverage the molecules start to feel intermolecular Pauli repulsion. At the water/solid interface the long range lateral intermolecular interactions would be screened by the solvent molecules; the effect is roughly estimated by a thin dash-dotted blue line, which approximates the lateral dependence for the permittivity of 3 ¼ 6, which is a typical value for water in the double-layer 33 (note that continuum dielectric approximation is not expected to be valid at short intermolecular distances and also the magnitude of adsorption energy would be significantly altered by solvent effects). alone-BTA (ads) , Cl (ads) , and H (ads) do not (Table 1) . Altered work functions affect the adsorption of ions and this issue is discussed in Section 3.3.1.
In this respect it should be noted that a large permanent molecular dipole of the inhibitor molecule does not automatically lead to a reduction in the work function. It depends on the adsorption structure of the inhibitor and for a weakly chemisorbed BTAH on copper, the adsorption structure is such that this is true.
Adsorption at water/metal interfaces
In the earlier discussion the adsorption of benzotriazole was considered at vacuum/copper interfaces, but in the context of corrosion inhibition the water/ metal interface is more relevant. The presence of aqueous solvent considerably affects the energetics of adsorption due to an interplay of several competitive effects, i.e., molecule-metal, molecule-water, and metal-water interactions. In order to understand these effects, the presence of water has to be either implicitly or explicitly considered in calculations. The explicit modeling is, however, rather tedious. For this reason, the involved effects have been only roughly estimated 7, 8 by following an approach that utilizes a thermodynamic cycle, 34 which is shown in Scheme 3. The adsorption energy of deprotonated BTA À or any other anion from the solution (A À (solv) / A (ads) + e À metal ) can be written as: ‡
where:
and F* is the work function of the metal/water/vacuum system, which can be written as:
where F is the metal work function and DF is its variation due to a thick layer of liquid water. 35 For the meaning of other terms, refer to Scheme 3. The terms were deliberately grouped in parentheses in eqn (4) to illustrate the competitive effects.
The rst grouped terms represent the competition for the molecule between the metal surface and the solvent. The second grouped terms represent the competition for the electron between the molecule and the metal surface. Each of these four terms is large in magnitude for anions such as BTA À and Cl À (e.g., a few to several eV), whereas the last term in eqn (4) is expected to be small in magnitude for copper surfaces (well below 1 eV). 7, 8, 36 For the adsorption of neutral species (A (solv) / A (ads) ) the corresponding eqn is simpler, because there are no electron terms. Hence:
In this case the E b and DG A solv of BTAH are much smaller in magnitude than the corresponding terms for deprotonated BTA À (or any other anion).
A large mutual cancellation between the competitive terms in eqn (4) and (7) results in moderate adsorption energies. As a consequence the huge difference between the gas-phase adsorption energies of BTAH (ads) and BTA (ads) is greatly reduced in aqueous-phase. Solvent effects also relatively favor the adsorption of BTA À compared to Cl À , because Cl À is much smaller than BTA À and solvates by about 0.6 eV stronger; Cl also displays by z0.15 eV larger electron affinity than BTA . While in gas-phase Cl adsorbs stronger than BTA (ads) (see Fig. 2 ), the two just mentioned effects seem to reverse the adsorption energy trend and BTA (ads) wins over Cl (ads) in aqueous-phase. 8 Solvent effects also diminish the adsorption energy dependence on the coordination of surface metal atoms because the adsorbate has to displace water molecule(s) from the surface during specic adsorption and water displays a ‡ Eqn (4) is a straight blend of energy contribution (E b ) and solvation free energy terms; neither the zero-point energy correction nor the concentration (translational) and roto-vibrational entropy contributions to free energy are taken into account. The equation is therefore very approximate, but it should suffice to illustrate the discussed points. similar bonding enhancement trend as benzotriazole and Cl (ads) (Fig. 2) . This effect is captured by the DDG Akmetal solv term in eqn (4) and (7) . For anionic species (BTA À and Cl À ) there is an additional effect that is even more pronounced and is due to dependence of F* on the surface geometry. Namely, the reduction of F* on going from (111) to (110) is so large § that it reverses the adsorption trend, i.e., estimated magnitudes of aqueous-phase adsorption energies of BTA À and Cl À follow the (111) T (100) > (110) sequence. 8 This nding is in agreement with the analysis of electrochemical experiments of Trasatti et al., 38, 39 who reported the same crystal-face specicity trend for the adsorption of halide anions on Ag.
3.3.1 Role of inhibitor induced work function change. Weakly chemisorbed BTAH considerably reduces the work function (Table 1) . Such a pronounced effect on the work function should, according to eqn (4), drastically affect the Scheme 3 Thermodynamic cycle used to obtain a rough estimate for the adsorption energy of deprotonated molecule (or anion) in the aqueous phase (mnemonic: A stands for adsorbate or anion). Fig. 1a ), physisorbed BTAH intermolecularly associated into a H-bonded network (BTAH k+H , Fig. 1d ), and deprotonated BTA À (Fig. 1e adsorption of anions. On this basis one can argue that reduced work function should diminish any reaction that donates electron(s) to the metal, such as the adsorption of corrosive chloride anions (Cl À (solv) / Cl (ads) + e À (metal) ), dissolution of metal (e.g., Cu (solid) / Cu n+ (solv) + ne À (metal) ), or oxidation of metal (e.g., 2Cu + H 2 O / Cu 2 O + 2H + + 2e À ).
By comparing Fig. 4 and 5, it can be seen that the effect of the molecular dipole on the work function is larger than on the adsorption energy. The effect of the molecular dipole on the inhibitor-surface bonding has oen been discussed in studies that correlate inhibitor electronic parameters with their inhibition efficiency, but the effect on the work function has not been appreciated.
3.3.2 Electric eld effects in the double-layer. The electric eld (E) in the double-layer inuences the adsorption due to several effects, which according to the current model can be decomposed into: (i) variation of the molecule-surface bonding, (ii) variation of contribution due to electron transfer from anion to electrode (or to cation from electrode), and (iii) variation of the DDG Akmetal solv term. These effects were roughly estimated in ref. 7{ and here this method is utilized to discuss the effect of electrode potential on various adsorbed forms of benzotriazole. In particular, Fig. 6 plots the estimated dependence of the aqueousphase adsorption energy on the electrode potential for the weakly chemisorbed BTAH (labeled as BTAH t ), physisorbed BTAH intermolecularly associated into H-bonding network (BTAH k+H ), and deprotonated BTA À .
This gure should be understood only qualitatively, because the presented adsorption energies are subjected to signicant uncertainty due to the nature of involved approximations. Nevertheless, the qualitative trends (i.e., the slopes/ shapes of the curves) should be correctly captured. There are a few things to notice from the gure: (i) BTAH k+H displays the well known parabolic dependence of simple organic molecules, with the strongest adsorption at the potential of zero charge. 33 (ii) The adsorption energy of BTAH t becomes more exothermic as the { The effects (i) and (ii) were estimated by putting the slab model (either adsorbate/copper or water-lm/copper) in homogeneous electric eld E and performing relaxation calculations at several different values of electric eld. The relation between the electric eld and electrode potential (U) was treated within the Helmholtz-Perrin parallel plate capacitor model of double layer, i.e.:
where U 0 is the electrode potential corresponding to E ¼ 0, which can be seen as a static potential of zero charge (spzc), but notice that spzc can be different from the measurable potential of zero charge. 40 The proportionality constant d is the thickness of a double layer, which was approximated by the oen used value of d ¼ 3Å. [41] [42] [43] The adsorption energies were then calculated as:
and
where e is the unit charge and z is the charge of species in solution (À1 for BTA À and 0 for BTAH). For more details see the ESI of ref. 7. electrode potential becomes more positive (almost linearly). This distinctive behavior can be attributed to the orientation of molecular dipole of the two forms because the variation of molecule-surface bond with electric eld is roughly proportional to Àm$E; for physisorbed BTAH the dipole points largely parallel to the surface, hence Àm$E z 0 and the parabolic dependence stems from the enhancement of water-metal interaction with increasing E. On the other hand, the dipole of BTAH t points outward and in this case vE b /vU z m/d ¼ 0.3e (if d ¼ 3Å and m is taken from Table 1 ).k (iii) Finally, the slope of the BTA À line is largely dominated by the Àe(U À U 0 ) term, eqn (9) , and is thus close to one. According to Fig. 6 , the BTAH k+H form is the stablest among the three forms at low values of potential (U À U 0 ( À0.3 V), but at larger values the deprotonated form becomes the stablest. The curves in Fig. 6 correspond to the following reactions: BTAH (solv) / BTAH (ads) and (10)
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which implies that BTAH (ads) and BTA (ads) are treated as independent. This may not always be the case due to a dissociation reaction at the surface:
Alternatively the H1 proton can be abstracted by a neighboring water molecule (which may then diffuse away from the surface):
The argument applies to both cases. Consider, for example, the desorption of BTA (ads) under low pH conditions.** If the barrier for the reverse of reaction (12) or (13) is not too large, it may be more convenient for BTA (ads) to desorb as BTAH (ads) ; namely, the larger is the coverage of H (ads) (or concentration of H + ) the more to the le the reaction (12) [or (13) ] is pushed. This argument, together with Fig. 6 , suggests that BTA (ads) is more relevant at higher potentials and higher pH, while BTAH (ads) may dominate at low potentials and low pH (relatively speaking); this is in fact self-evident from reaction (13) . With respect to corrosion inhibition, it would be desirable to make reaction (12) irreversible or at least to push the dissociation reaction to the right as much as possible, because BTA (ads) bonds much stronger to the surface than BTAH (ads) and strong bonds imply larger desorption barriers than weak bonds. This may be the case on low coordinated surface defects, because Fig. 3 reveals that dissociation is more exothermic there. A step further in this direction is achieved by the BTA-Cu organometallic complexation, which is an issue that we turn to now.
k This implies that E b changes by z0.3 eV if potential is altered by 1 V. The actual calculations reveal that the variation is even larger due to molecular polarization, but this extra effect is largely cancelled by the enhancement of the water-metal interaction with increasing E (note that water has a considerably smaller dipole moment than BTAH); hence the slope of the BTAH t line in Fig. 6 is close to 0.3e. ** Although the argument is similar for both reactions, (12) and (13), the atomistic mechanism is different. In the reverse direction of reaction (12) BTA (ads) reacts with H (ads) (Langmuir-Hinshelwood mechanism), while in the reverse of reaction (13) the H + comes from solution and reacts with BTA (ads) directly (Eley-Rideal mechanism).
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Role of BTA-Cu organometallic complexes
The ability of benzotriazole to inhibit corrosion is oen attributed to formation of protective BTA-Cu surface complexes. † † The arguments presented earlier may provide a sound rationale of why this is so. According to DFT calculations, 7,8 the BTA-Cu organometallic complexes are thermodynamically more stable than standalone chemisorbed BTA (ads) . For example, the two organometallic complexesshown in Fig. 1h and i-are by about 0.1 to 0.2 eV per BTA more stable than the stand-alone form. This difference is not large, but it includes the cost for the Cu adatoms formation [0.76 eV per atom on Cu(111)] that are incorporated into the complex (for more details, see ref. 8) . This implies that the gross bonding of BTA within the organometallic complex is much stronger than the BTA-surface bond of the stand-alone form. Moreover, within the complex all the BTA's N atoms are bonded to Cu atoms and are thus saturated (cf. Fig. 1h and i) . Hence, the removal of BTA or the fusion of H into the BTA are more unlikely for the complex than for the stand-alone form. The organometallic complexes are therefore more resistant than the stand-alone BTA (ads) forms in the reverse of reaction (12) or (13) , which eventually lead to desorption of benzotriazole. But they are still susceptible to potential and pH, according to the reaction of Youda: 47 nBTAH (ads) + nCu # [Cu-BTA] n + nH + + ne À . According to some researchers the formation of protective BTA-Cu complex is faster on bare metallic surfaces, 16 while others emphasized the importance of surface oxides in their formation. 14, 46 The latter is one amongst other reasons that the adsorption of benzotriazole on oxidized copper surfaces is considered below.
Adsorption of benzotriazole on oxidized copper surfaces
Up to this point the bonding of benzotriazole with reduced (oxide-free) copper surfaces was considered, which are more relevant at acidic pH, but in other conditions the copper surfaces are oxidized. It should be noted that bare metallic surfaces are structurally and electronically simpler than oxidized surfaces, which is the reason that the bonding of benzotriazole to oxidized copper surfaces has been considered by DFT calculations to a sufficiently smaller extent than to bare copper surfaces. Jiang and Adams 48 studied the bonding of BTAH on stoichiometric Cu 2 O(111), while Peljhan and Kokalj 49,50 extended the calculations and considered also the bonding on thermodynamically stablest so-called Cu 2 O(111)w/o-Cu CUS and Cu 2 O(110) : CuO. Currently, the adsorption of benzotriazole is considered in more detail on a broader set of potential surface sites on oxidized copper surfaces.
Because oxidized surfaces may display a plethora of different structures and stoichiometries, some of which might be rather complicated, a reductionistic approach is followed. The surfaces of Cu 2 O are well characterized in gas-phase and these are taken as a starting model of oxidized copper surface (Section 4.1). † † Linear polymeric structure consisting of alternating Cu + and BTA À ions in 1 : 1 ratio that form a -Cu-BTA-Cu-BTAbidentate structure is usually proposed; 9,10,44-46 a corresponding model of such [BTA-Cu] n adstructure on bare copper surface, as obtained by DFT calculations, is shown in (Fig. 1i) . 7 Recently, Chen and Häkkinen proposed, on the basis of DFT calculations, a [BTA-Cu-BTA] dimer adstructure (Fig. 1h ). 25 This adcomplex was recently observed experimentally by STM (scanning tunneling microscopy) under ultra-high-vacuum conditions on Cu(111). 28, 31 55, 56 Two surfaces display notably lower surface free energies than the others; one of them is the Cu 2 O(111)-w/o-Cu CUS (Fig. 7c ). It differs from stoichiometric Cu 2 O(111) ( Fig. 7a and b) (1 Â 1). In addition, they also observed the ð
ÞR30 reconstructed surface, where one third of surface oxygens (O up as dened in Fig. 7 Fig. 7 shows the structure of stoichiometric Cu 2 O(111), Cu 2 O(111)-w/o-Cu CUS , and Cu terminated Cu 2 O(111) : Cu. It also denes the naming of various atoms (ions) in the near surface region. Some atoms (ions) in the surface region are coordinatively saturated (CSA) and others are coordinatively unsaturated (CUS); caption of Fig. 7 explicitly lists all the CSA and CUS atoms. Note that the naming of atoms does not follow the coordinative CSA/CUS description (only the surface Cu atoms of stoichiometric Cu 2 O(111) are named Cu CUS and Cu CSA ), but a rather more structural-like description, e.g., O up and O dn indicate that they are above and below the surface Cu layer, respectively. The Cu atoms, which surrounds the O up vacancy (Fig. 7d ) are CUS, but they are named Cu O vac as to differentiate them from Cu CUS of Cu 2 O(111).
Calculations on Cu 2 O(111) surfaces were performed with slabs that consist of four trilayers. A (2 Â 2) supercell was used. Its size would correspond to Cu(111)-(4 Â 4), but the lattice parameter of Cu 2 O bulk (4.35Å, PBE value) is larger than for Cu (3.67Å), hence it actually corresponds to the size of Cu(111)-(4.7 Â 4.7) supercell. Because of the coverage dependence of BTAH adsorption energies (cf. Fig. 4 ), this should be kept in mind when comparing the results between oxidized and reduced copper surfaces. 52 In particular, the O dn ions upshi to the plane of surface Cu ions, the three Cu Ovac ions (marked by blue dashed triangles in Fig. 7d ) move closer to one another and the Cu CUS relaxes laterally as to bond with Cu Ovac . There are multiple ways of how this can occur and different reconstruction patterns display signicantly different stability. For this reason the adsorption of benzotriazole on Cu 2 O(111) : Cu is modeled using the following procedure: (i) the structure of Cu 2 O(111) : Cu is optimized, (ii) benzotriazole is added to the structure-(i) and relaxation is performed, and (iii) benzotriazole is removed and the surface is reoptimized. The adsorption energy is then calculated by using the total energies of (ii) and (iii). The reason for step (iii) is that step (ii) lowers the symmetry of the system (i.e., the molecule perturbs the system) and the surface may nd a new relaxation pattern with lower energy; step (iii) therefore assures that structures (ii) and (iii) have a compatible relaxation pattern. A more sophisticated (but computationally much more expensive) approach would be to use a simulated annealing technique as was described by Islam et al. 52 bonding of BTAH to Cu CSA is thus similar to that of Cu(111) (keeping in mind that compatible coverages have to be compared), whereas on coordinatively unsaturated Cu O vac and Cu CUS the bonding is considerably enhanced and it is even stronger than on low coordinated defects on bare Cu surfaces (cf. Fig. 2) . Indeed, the bonding to Cu CUS is so large that it overcompensates the thermodynamic deciency of Cu CUS and, consequently, the BTAH@Cu CUS is thermodynamically more stable than BTAH@Cu CSA . § § 4.1.4 Bonding of BTA to various sites of Cu 2 O(111). Adsorption structures of BTA (ads) are shown in Fig. 8d-f . It is evident that on Cu 2 O surfaces the BTA (ads) bonds considerably stronger than BTAH (ads) , but the difference is smaller than on bare Cu surfaces. The bonding is the weakest on Cu CSA sites, À2.0 eV, while on Cu O vac and Cu CUS sites it is enhanced to À3.0 and À2.8 eV, respectively. . 1:7 eV condition is met only on Cu O vac sites, which implies that dissociation of BTA (ads) is thermodynamically favored only thereon (the issue is conrmed by separate BTA (ads) + H (ads) coadsorption calculations). It should be noted, however, that under non-acidic conditions, the BTA À can also be supplied from solution; the BTAH's pK a constant at 25 C is 8.4 for BTAH # BTA À + H + , 60 hence at pH ¼ 7 the BTA À (solv) : BTAH (solv) ratio is 4 : 96.
4.1.6 BTA-Cu organometallic complexes on Cu 2 O. The rationale behind the formation of BTA-Cu organometallic complexes on bare Cu surfaces is the stronger bonding of BTA (ads) to low coordinated Cu sites. 8 It was shown above that benzotriazole also binds stronger to coordinatively unsaturated sites on Cu 2 O surfaces. For this reason the issue of BTA-Cu complexation on oxidized copper surfaces is considered from a DFT perspective. The aim is not to identify structures that actually exist-this seems insurmountable without any experimental input-but rather to investigate whether organometallic complexes of benzotriazole are favored over stand-alone BTA (ads) on oxidized copper surfaces, which is affirmative according to experiments. 13, 14, 46, 61 Several complexes were identied that are more stable than stand-alone adsorbed BTA (ads) forms, and Fig. 9 shows exemplar monomer, dimer, and polymer adcomplex structures. Gross binding of BTA within the monomer, dimer, and polymer complexes is calculated to be À4.3, À3.8, and À3.7 eV per BTA, respectively. If the cost for the formation of Cu CUS and § § The BTAH bonding enhancement on passing from Cu CSA to Cu CUS is 1.1 eV, while the cost for the Cu CUS formation is between 0. 43 
Hydroxylated Cu 2 O(111) surfaces
According to current calculations the OH bonds by about 1.9 eV to Cu CSA , 3 eV to Cu CUS , and 3.6 eV to Cu O vac (with respect to OH radical in the gas-phase). Bonding (Fig. 10a and b) . BTA (ads) thus binds considerably stronger to the hydroxylated surface than to plain Cu 2 O. Consequently, the dissociation of benzotriazole is favored on hydroxylated surfaces. Calculations further reveal that benzotriazole forms hydrogen bonds with the OH (ads) more efficiently than with the O up ions of plain Cu 2 O. The reason is that hydroxyls are much more exible than O ions and can easily adjust so as to form hydrogen bonds with benzotriazole's N atoms (see Fig. 10 ). The exibility of OH groups also leads to a new dissociation mechanism of benzotriazole. Namely, in addition to dissociation reaction (14) , benzotriazole can also dissociate by interacting with the hydroxyl and forming a water molecule in the course of dissociation:
A snapshot of this reaction is shown in Fig. 10c and d . The corresponding elementary dissociative step is exothermic by 0.2 eV, but notice that the resulting BTA (ads) structure (Fig. 10d) is not the stablest possible; the BTA (ads) then further stabilizes by 0.3 eV by forming another N-Cu bond. Water formation has been proposed to form during BTAH dissociation in the literature, although due to interaction with oxygen. 16,62
Conclusions
Controversial suggestions exist in the literature, concerning the role of copper oxides for the adsorption of benzotriazole. 11 To shed some new light onto this question, the adsorption behavior of benzotriazole on reduced and oxidized copper surfaces was discussed on the basis of DFT results. DFT calculations reveal that benzotriazole is able to bond with oxide-free and oxidized copper surfaces. Its bonding is considerably enhanced on passing from Cu(111) to low coordinated defects on oxide-free surfaces. The bonding of aggressive chloride anions enhances in the same direction, but to a lesser extent. On oxide surfaces benzotriazole bonds considerably stronger to coordinatively unsaturated Cu sites. This suggests that benzotriazole is able to passivate the reactive under-coordinated surface sites that are plausible microscopic sites for corrosion attack. The adsorption behavior of benzotriazole is non-trivial, because it can adsorb (at least in principle) in a variety of different forms. Perhaps this is one of the strengths of benzotriazole; depending on different conditions it adopts one of several possible forms and thus sustains various situations. However, benzotriazole chemisorbs strongly only in the deprotonated form. Gross bonding is even stronger when BTA is incorporated into BTA-Cu organometallic adcomplexes. DFT results are therefore consistent with experimental evidence that the ability of benzotriazole to inhibit corrosion is due to the formation of organometallic complexes. This readily explains why benzotriazole is more effective at higher pH values. Namely, at low pH (and low potentials) the BTA transforms to BTAH (ads) , 47 which is bonded considerably weaker to the surface and may eventually desorb; according to the calculations the most strongly bonded adsorption form under such conditions is the BTAH physisorbed parallel to the surface and intermolecularly connected into a H-bonding network with other BTAH molecules.*** Strong inhibitor-surface bonding, as important as it may be, is by no means the only relevant factor for corrosion inhibition. BTAH t , [BTA-Cu-BTA] and [BTA-Cu] n considerably reduce the metal work function, which is a consequence of a large permanent molecular dipole and a properly oriented adsorption structure. It has been argued that such a pronounced effect on the work function should make any reaction that donates electron(s) to the metal less favorable (e.g., Cl À (solv) / Cl (ads) + e À (metal) or Cu (solid) / Cu n+ (solv) + ne À (metal) ). This reasoning is consistent with the fact that benzotriazole predominantly affects the anodic reaction, although it is a mixed type inhibitor. 11,63 A large permanent molecular dipole is a general characteristic of azoles [e.g., imidazole (3.8 D), triazole (4.4 D), tetrazole (5.4 D)]. 4 A mechanism based on the reduction of work function may be therefore operative also for other azole inhibitors. There are, however, signicant differences between imidazole and triazole/tetrazole based inhibitors. Our recent DFT calculations suggest that imidazoles are active against corrosion in neutral molecular form, while tetrazoles-similar to triazoles-inhibit the corrosion in their deprotonated form. 36 The reason for the different behaviour of imidazoles is two fold; the rst is due to their more basic nature and the second is related to *** Only deprotonated BTA À and neutral BTAH were considered in this paper, because protonated BTAH 2 + seems not to be competitive. According to DFT calculations, BTAH 2 + bonds only marginally stronger than the neutral BTAH to Cu surfaces, 26 but it solvates considerably stronger (for further DFT-based analysis of the adsorption of deprotonated, neutral, and protonated azoles, see our recent study 36 ). This implies that BTAH 2 + prefers being solvated rather than adsorbed. It was reported that it is the dominant adsorbed form only at pH ( 0. 62
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their molecular spatial structure, because of which they can form only one strong N-Cu bond, while triazoles and tetrazoles can form at least two. An ability to form soluble complexes with dissolved metal ions as well as the solubility of stand-alone inhibitor are also relevant in the context of corrosion. A formation of soluble complexes between inhibitors and metal ions would help increase the dissolution of metal, thus having the effect of promoting the corrosion. This effect has been characterized for several imidazole based inhibitors in our parallel study. 64 As for the solubility, it is known that the more soluble the molecule is, the smaller is its (relative) affinity for adsorption. 3 Ideas of a similar kind were very recently used by Mondal and Taylor, 65 who described a clever approach towards a rational design of corrosion inhibitors.
Last but not least, the ability of a molecule to inhibit corrosion of a metal is also given by the chemical nature of the metal itself, because molecules bond differently to various metals. For example, while Cu and Al are not reactive enough to interact with the azoles' p system, † † † Fe can readily do so. 26 This can have a pronounced effect on the structure of the adsorbed molecule.
